| INTRODUCTION
Bronchopulmonary dysplasia (BPD) is the most common complication of preterm birth and a leading cause of pediatric chronic lung disease. 1, 2 BPD is characterized by significant lung remodelling with both fewer and larger alveoli, as well as a propensity for a dysmorphic pulmonary vasculature. 3 Development of pulmonary hypertension (PH) significantly increases morbidity and mortality in BPD patients. 3, 4 A recent review highlighted the paucity of data regarding molecular mechanisms associated with the altered vascular development that occurs in BPD. 5 Previously, our group has used a C3H/HeN mouse exposed to 85% O 2 for 14 days after birth that demonstrates lung changes similar to those seen in BPD, including decreased alveolarization, and changes
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The L-arginine/NO pathway is an important regulator of pulmonary hypertension, the leading cause of mortality in patients with the chronic lung disease of prematurity, bronchopulmonary dysplasia. L-arginine can be metabolized by NO synthase (NOS) to form L-citrulline and NO, a potent vasodilator. Alternatively, L-arginine can be metabolized by arginase to form urea and L-ornithine, a precursor to collagen and proline formation important in vascular remodelling. In the current study, we hypothesized that C3H/HeN mice exposed to prolonged hyperoxia would have increased arginase expression and pulmonary vascular wall cell proliferation. C3H/HeN mice were exposed to 14 days of 85% O 2 or room air and lung homogenates analyzed by western blot for protein levels of arginase I, arginase II, endothelial NOS (eNOS), ornithine decarboxylase (ODC), ornithine aminotransferase (OAT), and α-smooth muscle actin (α-SMA). Hyperoxia did not change arginase I or eNOS protein levels. However, arginase II protein levels were 15-fold greater after hyperoxia exposure than in lungs exposed to room air. Greater protein levels of ODC and OAT were found in lungs following hyperoxic exposure than in room air animals. α-SMA protein levels were found to be 7-fold greater in the hyperoxia exposed lungs than in room air lungs. In the hyperoxia exposed lungs there was evidence of greater pulmonary vascular wall cell proliferation by α-SMA immunohistochemistry than in room air lungs. Taken together, these data are consistent with a more proliferative vascular phenotype, and may explain the propensity of patients with bronchopulmonary dysplasia to develop pulmonary hypertension.
K E Y W O R D S
chronic lung disease, L-arginine, neonate, nitric oxide synthase, ornithine aminotransferase, ornithine decarboxylase, proliferation, pulmonary hypertension in lung function. 6 Furthermore, neonatal C3H/HeN mice exposed to hyperoxia develop cardiac dysfunction 7 and right ventricular hypertrophy as evidenced by an increase in right ventricle to total ventricular weight ratio. 
| RESULTS

| Hyperoxia results in greater levels of arginase II protein
Mice were exposed to 85% O₂ or room air for 14 days and their lungs harvested for western blotting. There was no difference in arginase I protein levels in the lungs between mice exposed to 85% O₂ or room air ( Figure 1A ). In mice exposed to 85% O₂ there was approximately 15-fold greater levels of arginase II protein in the lungs ( Figure 1B) than in the lungs from normoxic controls. We then evaluated the time course of the hyperoxia-induced arginase II protein expression and found that arginase II protein levels were again significantly greater at day 14 in the lungs from hyperoxic exposed animals than in the lungs from animals exposed to room air ( Figure 1C ). Mice were exposed to hyperoxia or room air and after 14 days the lungs were harvested for NOS western blotting. We found that the lungs from animals exposed to 85% O₂ had eNOS protein levels similar to those found in lungs from animals exposed to room air ( Figure 2 ).
We also found no difference in the lung levels of neuronal NOS (nNOS) between hyperoxia exposure and room air exposed animals (data not shown). We were unable to detect inducible NOS (iNOS) in any lung samples from these mice.
| Hyperoxia exposure results in greater protein levels of ODC and OAT
Mice were exposed to either 85% O₂ or room air and protein harvested for western blotting for ornithine decarboxylase (ODC) or ornithine aminotransferase (OAT). We found that after 14 days of 85% O 2 exposure, lung ODC protein levels were greater than in the lungs from normoxic controls ( Figure 3A) . Similarly, lung
OAT protein levels were greater in the lungs from mice exposed to 85% O₂ than in the lungs from mice exposed to room air ( Figure 3B ).
| α-SMA protein and immunohistochemistry are greater in the lungs from mice exposed to hyperoxia
Mice were exposed to 85% oxygen or room air and the lungs were harvested for western blotting for α-SMA. We found approximately 7-fold greater α-SMA protein levels in the lungs from mice exposed to hyperoxia than in the lungs from mice exposed to normoxia (Figure 4 ).
In another set of experiments, mice were exposed to hyperoxia or room air and the lungs harvested for immunohistochemical determination of α-SMA. We found that lungs from mice exposed to hyperoxia had greater α-SMA staining than did lungs from normoxia (53% vs 35%, P < .01) exposed mice (data not shown). Similarly when we focused on the pulmonary blood vessels, we found that lungs from mice exposed to hyperoxia had greater pulmonary blood vessel α-SMA staining than did lungs from normoxia (33% vs 12%, P < .01) exposed mice ( Figure 5 ).
| DISCUSSION
The main findings of this study in neonatal mouse lungs were that following 85% O 2 for 14 days, (i) arginase II protein levels were 15-fold greater; (ii) ODC and OAT protein levels were greater, (iii) α-SMA protein levels were greater; and (iv) α-SMA immuno-staining in pulmonary vessels was greater than in normoxic controls. These find- We found no differences in arginase I protein expression in lung homogenates from neonatal C3H/HeN mice exposed to 85% O₂ for 14 days. Previous studies in our labs exposed adult C3H/HeN mice to >95% O₂ for 72 or 96 hours and found greater hepatic arginase I and ornithine protein levels. 15 These findings suggest that C3H/HeN mice have an organ specific arginase I response to hyperoxia.
To the best of our knowledge this is the first description of hyperoxic induction of arginase II and OAT proteins in the lungs of neonatal mice exposed to hyperoxia. Previous studies have reported greater hyperoxia-induced arginase II expression and greater arginase activity in adult Sprague-Dawley rats exposed to 100% oxygen for 60 hours, as well as decreased NO production with no changes in NOS protein expression. 16 mice and rats, hyperoxia induces arginase expression and activity and increases the metabolism of L-arginine by arginase at the expense of L-arginine metabolism by NOS. We have previously shown in several different cell types that stimuli which up-regulate arginase result in decreased NO production due to competition for their common substrate L-arginine. [19] [20] [21] Taken together these findings suggest that hyperoxia leads to increased arginase activity, which would favour the development of PH via at least two mechanisms. The first mechanism would be decreased NO production which would favour vasoconstriction; and the second mechanism would be greater arginase-mediated vascular wall cell proliferation which would favour vascular remodelling. The second mechanism, vascular wall cell proliferation, is supported by our findings that in the lungs of hyperoxia exposed animals, α-SMA protein and α-SMA vessel wall staining is greater than room air exposed animals.
L-ornithine production by arginase is an important first step towards the vascular remodelling that occurs in pulmonary hypertension. Ornithine decarboxylase (ODC) metabolizes L-ornithine to polyamine, an important positive regulator for both endothelial and smooth muscle cell growth. 9 Ornithine aminotransferase (OAT) is necessary for the production of L-proline, an amino acid essential in collagen formation that occurs during the process of vascular remodelling leading to pulmonary hypertension. 16 In the present study, we found that both ODC and OAT protein levels were greater after 85% O 2 exposure for 14 days than in room air controls. Several other studies have demonstrated hyperoxic induction of ODC in both rat and mouse lung models of hyperoxic lung injury. 16, 22, 23 However, hyperoxic induction of OAT has not been described previous to this study. Elevated levels of ODC and OAT support a vascular wall cell proliferative process.
F I G U R E 3 ODC and OAT protein levels in C3H/HeN mouse lung homogenates. Protein was isolated from C3H/HeN mouse lung homogenates and ODC and OAT protein levels measured by western blot analysis. (A) Representative western blot and densitometry levels for ODC in hyperoxia (n = 3) compared to normoxic control (n = 3). ODC protein levels are significantly greater after 14 days of hyperoxic exposure than normoxic controls (*P < 0.05). (B) Representative western blot and protein levels for OAT in hyperoxia (n = 3) compared to normoxic control (n = 3). OAT protein levels are significantly greater after 14 days of hyperoxic exposure than normoxic control (*P < 0.05). All ODC and OAT protein levels are normalized to β-actin. Normoxia is represented by black bars and hyperoxia is represented by white bars F I G U R E 4 α-SMA protein levels in C3H/HeN mouse lung homogenates. Protein was isolated from C3H/HeN mouse lung homogenates and α-SMA protein levels measured by western blot analysis. Representative western blot and densitometry levels for α-SMA in hyperoxia (n = 5) compared to normoxic control (n = 5). Experiment performed on a single western blot. α-SMA protein levels are significantly greater after 14 days of hyperoxic exposure than normoxic controls (*P < 0.05). All α-SMA protein levels are normalized to β-actin. Normoxia is represented by black bars and hyperoxia is represented by white bars α-SMA/β-actin Therefore, our findings may reflect changes in protein expression of cells other than those of the pulmonary vasculature, including airway smooth muscle cells 24 and fibroblasts/ myofibroblasts in the lung interstitium/ parenchyma 25 that can also lead to increased production of L-proline and collagen formation. In order to attempt to address this specific limitation, we quantitated α-SMA immunohistochemistry focused on the pulmonary vasculature and excluding bronchioles. In the present study, we found that there was more α-SMA blood vessel staining after hyperoxia than normoxia, which is consistent with vascular remodelling indicative of pulmonary hypertension in BPD.
In conclusion, we describe for the first time in mouse lungs that hyperoxia leads to increased arginase II and OAT protein expression.
We also found that hyperoxia increased protein expression of ODC and α-SMA. Taken together, these findings are consistent with a more proliferative vascular phenotype, and may explain the propensity of patients with BPD to develop PH.
| METHODS
| Animals
C3H/HeN mice were purchased from Harlan Sprague-Dawley (Indianapolis, IN, USA). Animals were maintained in the animal core facility of The Research Institute at Nationwide Children's Hospital.
The animals were permitted access to food and water ad libitum, and a 12:12-hour day:night cycle was maintained throughout the study. 26 The experimental protocols were approved by the Institutional Animal
Care and Use Committee of The Research Institute at Nationwide
Children's Hospital. Mouse pups were exposed to 85% O₂ delivered at 8 L/min for 14 days or maintained in room air as previously described. 15, 27 Animals in 85% O₂ or room air were studied in parallel and nursing dams were switched daily. Oxygen concentrations were checked at least twice daily.
| Protein sample preparation
After 14 days of hyperoxia exposure, mice were killed, right lungs were tied with suture and were removed and frozen at −80°C. Lung tissues were homogenized in 0.8 mL of ice cold 0.1 mol/L Dulbecco's phosphate-buffered saline (pH 7.4) using a Dounce homogenizer.
Samples were centrifuged at 12 000 × g for 15 minutes, and the supernatants were collected and analyzed for total protein content, using the Bradford assay (Bio-Rad, Hercules, CA, USA). The supernatants were stored at −80°C.
| Tissue preparation
At death, the trachea was cannulated using PE10 tubing and 10% neu- and quantified using densitometry (Sigma Gel, Jandel Scientific, San
Rafael, CA, USA). To control for protein loading, blots were reprobed for β-actin (1:10 000; Abcam, Cambridge, MA, USA).
| Immunohistochemistry
Fixed lung sections were stained with α-SMA antibody to visualize smooth muscle. Tissue sections were immunostained with α-SMA antibody (1:100 dilution; 2 μg/mL antibody protein concentration, Santa Cruz Biotechnology, Dallas, TX, USA) to identify muscularized pulmonary vessels as previously described. 
| Statistical analysis
The data are presented as mean ± standard errors of the mean of at least three independent experiments. Each experiment contained two groups (room air and 85% O 2 ) and a Student's t-test was used to compare groups. Significant differences were identified at P < .05.
